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In order to improve the anti-oxidation of C/C composites, a SiC–MoSi2 multi-phase coating for SiC coated carbon/carbon composites (C/C)
was prepared by low pressure chemical vapor deposition (LPCVD) using methyltrichlorosilane (MTS) as precursor, combined with slurry
painting from MoSi2 powder. The phase composition and morphology were analyzed by scanning electron microscope (SEM) and X-ray
diffraction (XRD) methods, and the deposition mechanism was discussed. The isothermal oxidation and thermal shock resistance were
investigated in a furnace containing air environment at 1500 1C. The results show that the as-prepared SiC–MoSi2 coating consists of MoSi2
particles as a dispersing phase and CVD–SiC as a continuous phase. The weight loss of the coated samples is 1.51% after oxidation at 1500 1C
for 90 h, and 4.79% after 30 thermal cycles between 1500 1C and room temperature. The penetrable cracks and cavities in the coating served as
the diffusion channel of oxygen, resulted in the oxidation of C/C composites, and led to the weight loss in oxidation.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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resistance1. Introduction
Due to their excellent properties such as light weight, high
toughness and modulus, good thermal shock resistance and
low coefﬁcient of thermal expansion (CTE), carbon/carbon
(C/C) composites are ideally suitable for the high temperature
structural materials applied in aerospace, astronautics and
nuclear industry [1,2]. However, C/C composites can only
retain the properties in an inertial atmosphere or vacuum due to
its reaction with oxygen or other oxidizing agent above
400 1C, which will result in the decline in performance of
C/C composites [1]. Numerous researches have been carried10.1016/j.pnsc.2014.05.005
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nder responsibility of Chinese Materials Research Society.out in order to abate the activity of C/C composites or isolate
the composites from the oxidizing atmosphere, such as matrix-
modiﬁcation or coating technique. As a result, applying
coating on the surface of C/C composites is considered an
efﬁcient method to protect the composites from oxidation at
high temperature [3,4].
Silicon-based ceramics such as SiC, Si3N4, and MoSi2 have a
high refractory quality, and an attractive oxidation resistance
owing to the formation of a low-oxygen-diffusion-coefﬁcient
silica ﬁlm on the ceramic surface at high temperature. And
therefore they are considered as the most promising candidates
for protective coatings [5,6]. MoSi2 ceramics particularly possess
high melting point of 2030 1C and stability at 1800 1C in
oxidizing atmosphere, which are more suitable for the anti-
oxidation protection [7]. Due to their CTE mismatch that would
result in a large thermal residual stress to generate microcracks
and defects in MoSi2 coatings, MoSi2 materials cannot be
directly used for the protective coating on C/C composites. It
will be well improved by the internal buffer SiC layer between
the MoSi2 coating and C/C composite, or the introduction in theElsevier B.V. All rights reserved.
Fig. 1. XRD spectra of the samples coated with the pre-coated layer (a) and
SiC–MoSi2 multi-phase coating (b).
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MoSi2-based coating have been developed and characterized by
means of pack cementation process [8,10], plasma spraying
technology [11], the slurry method [12], and so on.
However, the existing technologies of applying coatings to
C/C composites have some limitations. For instance, the pack
cementation process is always carried out at a very high
temperature (1600–2300 1C), and the slurry method often
induces unevenness and weak bonding stress of as-obtained
coatings. As well known, the low pressure chemical vapor
deposition (LPCVD) has a number of advantages, such as, the
low deposition temperature, the convenience of controlling the
parameters, the application to work pieces with elaborate
contour. A dense, uniform and well-bonding layer can be
properly prepared in LPCVD process [13–15]. Therefore,
LPCVD technology can be regarded as a suitable technique
for the protection layer on C/C composites.
In present work, a porous MoSi2 layer was manufactured on
the SiC coated C/C composites by brushing MoSi2 slurry on
the surface. Then a CVD–SiC was deposited on the porous
MoSi2 coating in LPCVD process to form a SiC–MoSi2 multi-
phase coating to improve the anti-oxidation property of C/C
composites. The deposition mechanism of SiC–MoSi2 coating
was discussed. The phase composition and microstructure of
the SiC–MoSi2 layer were investigated. And the isothermal
oxidation resistance and thermal shock resistance of the as-
coated samples at 1500 1C were also explored.
2. Experimental
The specimens with the dimension of 10 mm 10 mm 10
mm used as substrates were cut from bulk 2D C/C composites
with a density of 1.70 g/cm3. After hand-polished with 300 grit
SiC paper, specimens were cleaned with ethanol and dried at
90 1C for 2 h. The inner bonding SiC layer was prepared by a
pack cementation process [16]. The outer layer of a SiC–
MoSi2 multi-phase coating was prepared by low pressure
chemical vapor deposition (LPCVD) combined with slurry
painting.
Firstly, the slurry made up of MoSi2 powders and phenolic
resin adhesive diluted with ethanol was thoroughly mixed by
stirring, and then brushed on the surface of SiC coated C/C
composites. The thickness of the as-obtained layer was
dependent on the viscosity of the slurry and brush times.
Subsequently, the brushed specimens were dried at 50 1C for
1 h and then thermally treated in a vacuum environment for 2 h
at 1000 1C to obtain the porous pre-coated layer. Finally, SiC
that could ﬁll in the pre-coated layer, was deposited at 1150 1C
for 10 h by LPCVD at reduced pressure of 3–5 KPa by using
methyltrichlorosilane (MTS, CH3SiCl3)/hydrogen (H2) as
reactant species.
The isothermal oxidation tests were performed at 1500 1C in
an air atmosphere. After oxidized for a certain time at 1500 1C
in a tube furnace, the coated specimens were taken out and
cooled down quickly to room temperature in order to evaluate
the mass change of the specimens using an electronic balance
with a sensitivity of 70.1 mg. Thermal shock resistance testswere carried out between 1500 1C and room temperature.
A complete thermal cyclic comprised the following two steps,
putting the as-coated samples inside the furnace at 1500 1C
and outside at room temperature both for 10 min. The mass
change of the coated specimens was also measured every 5
thermal cyclic tests.
The crystal structure and morphology of the as-prepared
coating were analyzed by X-ray diffraction (XRD, X'Pert MPD
PRO) and scanning electron microscopy (SEM, Tescan VEGA
TS5136XM), respectively.3. Results and discussions
3.1. The characteristics of the as-prepared coating
Fig. 1 shows the XRD patterns of the pre-coated layer
(Fig. 1a) and the SiC–MoSi2 multi-phase coating (Fig. 1b).
It can be seen that the pre-coated layer consists of pure MoSi2
phase in Fig. 1a. From Fig. 1b the SiC–MoSi2 multi-phase
coating is composed of β-SiC, MoSi2 and a little Mo5Si3C
phase induced by the carbonization of MoSi2 particles
according to the following equation [17]:
5MoSi2 ðsÞþ8C ðgÞ-Mo5Si3C ðsÞþ7SiC ðsÞ ð1Þ
As reported in Refs. [18,19], the major reaction mechanism
of MTS was to break the Si–C bond to originate CH3 and
SiCl3 radicals which followed by the formation of CH4, C2H2,
C2H4, C2H6, SiCl4, SiCl2, and so on. Active atoms of carbon
generated from the species of CH3, CH4, C2H6, etc., reacted
with MoSi2 to form a minor Mo5Si3C/SiC interface phase
between the MoSi2 particle and CVD–SiC (Eq. (1)).
Fig. 2 indicates the morphology of the pre-coated layer.
From Fig. 2a and b small pores can be observed to distribute
uniformly over the surface of the pre-coated layer, while pore
geometry was irregular with the sizes range of 5–30 μm.
Fig. 2c illustrates the backscattered electron image (BSE) of
the cross-section of the pre-coated layer. As shown in Fig. 2c,
Fig. 2. SEM images of the surface and BSE image of the cross-section of the pre-coated layer: (a) macrograph, (b) micrograph, and (c) cross-section.
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consists of MoSi2 particles and the pores connected with each
other. The gray inner layer was a dense SiC coating produced
by pack cementation process, which was bonded strongly with
C/C substrates, resulting from the deep inﬁltration of liquid Si
into C/C composites. Moreover, the thickness of the pre-coated
layer and internal SiC coating were both 50 μm, and there was
a gap of about 5 μm between the outer MoSi2 layer and inner
SiC coatings, implying a weak adhesion of the both layers.
As shown in Fig. 2, when phenolic resin adhesive combin-
ing the MoSi2 powders pyrolyzed rapidly and released plenty
of gaseous products such as H2O, CO, CH4 and H2 after
vacuum heat treatment [20], the loose structure with pores of
the pre-coated layer formed on the SiC coated C/C composites.
It offered a good conducive passage for the inﬁltration of
CVD–SiC to fabricate a dense multi-phase coating.
The SEM image of the surface and BSE image of the cross-
section of the SiC–MoSi2 multi-phase coating are shown in
Fig. 3. There were nodular crystalline grains of CVD–SiC on
the coated sample surface with a little small holes and
microcracks (Fig. 3a). The white MoSi2 particles and macro-
aggregates were dispersed in the successive gray SiC phase
(Fig. 3b). The pores of the pre-coated MoSi2 layer were ﬁlled
with the CVD–SiC, and a relatively compact structure was
obtained expect for some big cavities resulting from the
agglomeration in brushing process. Furthermore, the outer
SiC–MoSi2 multi-phase layer integrated with the inner SiC
layer by means of CVD–SiC.
The deposition mechanism of SiC on the pre-coated layer
during LPCVD process is indicated in Fig. 4 [21,22]. Firstly,the reactant species of CH3SiCl3/H2 transported from the main
gas ﬂow to the surface and holes of the porous pre-coated layer
through the boundary layer (Step 1). Secondly, the reactant
radicals were adsorbed in the surface layer and holes, and
decomposed in Steps 2 and 3. Then SiC formed on the surface
as well as the whole inner surface of pores inside the pre-
coated layer. Finally, the by-products were desorbed and
discharged from the surface and holes to the main gas ﬂow
(Steps 4 and 5), and then exhausted by a vacuum pump. As a
result, the dense SiC–MoSi2 multi-phase coating was fabri-
cated with the further uniform inﬁltration of CVD–SiC. If the
deposition process was not fulﬁlled homogeneously, bottle-
neck pores or sealed pores would be formed since SiC
deposited preferentially on the external surface and at the pore
entrance rather than the pore inner surface. The further
densiﬁcation in these pores was terminated and some big
cavities were left at the pre-coated layer.
3.2. Oxidation resistance and thermal shock resistance of the
coated samples
Fig. 5 illustrates the XRD spectra of the as-obtained coating
after isothermal oxidation and thermal shock test. From
Fig. 5a, a new phase of cristobalite formed and the diffraction
peaks of Mo5Si3C enhanced, while the MoSi2 phase in the
original coating disappeared. During oxidation in air at
1500 1C, the in situ Mo5Si3C/SiC phase has a good oxidation
resistance [23], and the as-prepared SiC–MoSi2 coating reacted
with oxygen to generated SiO2, CO, CO2 and MoO3 according
to the following equations (Eqs. (2)–(5)). The amorphous silica
Fig. 3. SEM image of the surface and BSE image of the cross-section of the SiC–MoSi2 multi-phase coating: (a) surface and (b) cross-section.
Fig. 4. The deposition diagram of SiC on the pre-coated layer in LPCVD
process.
Fig. 5. XRD spectra of the coated samples after isothermal oxidation at
1500 1C for 90 h (a) and thermal shock oxidation between 1500 1C and room
temperature (b).
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partly and the gaseous products released in oxidation process.
Nevertheless, the layer after thermal shock test is composed of
SiC and cristobalite phase with neither MoSi2 nor Mo5Si3C,
as shown in Fig. 5b.
2SiC ðsÞþ3O2 ðgÞ-2SiO2 ðsÞþ2CO ðgÞ ð2Þ
SiC ðsÞþ2O2 ðgÞ-SiO2 ðsÞþCO2 ðgÞ ð3Þ
2MoSi2 ðsÞþ7O2 ðgÞ-2MoO3 ðgÞþ4SiO2 ðsÞ ð4Þ2Mo5Si3C ðsÞþ23O2 ðgÞ-10MoO3 ðgÞþ6SiO2 ðgÞþ2CO2 ðgÞ
ð5Þ
Fig. 6a and b indicates respectively the SEM image of the
surface and the BSE image of the cross-section of the as-
prepared coating after isothermal oxidation at 1500 1C for
90 h. In oxidation testing process, the sample was cooled down
in air quickly when moved outside the furnace to evaluate the
weight loss. The fused silica glass solidiﬁed rapidly to form a
smooth ﬁlm, and a few microcracks were formed on the ﬁlm
surface resulting from the residual thermal stress of coatings,
as shown in Fig. 6a. It can also be found that there are some
bubbles and pinholes on the surface of the silica glass ﬁlm,
arising from the release of the gaseous oxides, such as CO,
CO2 and MoO3 generated from the oxidation of MoSi2 and
SiC.
From Fig. 6b, a penetrable crack was found in the coating
through which oxygen will diffuse into the inner layer and
react with the C/C composites. A big cavity induced by the
oxidation is also found in the C/C matrix, which will lead to
a relatively large weight loss of the coated samples after
oxidation.
The morphology of the coating surface and cross-section
after thermal shock test is shown in Fig. 6c and d. Compared
with Fig. 6a, the as-formed silica glass ﬁlm was not enough to
cover up and smooth out the layer surface, which conﬁrms the
results of XRD spectra demonstrated in Fig. 5b. Being similar
to that after isothermal oxidation test, from Fig. 6d, there were
a big inherent cavity and a through-coating crack in the coated
layer after thermal shock test.
Fig. 7 shows the weight loss curves as a function of
oxidation times and thermal shock cycles. As Fig. 7a demon-
strated, the single MoSi2 coating for SiC coated C/C samples
lost the protection in 20 h with a weight loss of 12.2% because
oxygen diffused throughout the porous structure shown in
Fig. 2 and reacted with C/C composite. However, the as-
prepared SiC–MoSi2 multi-phase coating can protect the SiC
coated C/C samples from oxidation at 1500 1C for 90 h with a
maximum weight loss of 1.5%, which is obviously decreased
compared with MoSi2/SiC coating or the single SiC layer on
C/C composites [24]. It can be also seen that the trend of the
oxidation curve descends slightly in the earlier stage, ascends
Fig. 6. SEM images of the surface and BSE images of the cross-section of the coated samples after oxidation test and thermal shock test (a) the surface after isothermal
oxidation test; (b) the cross-section after isothermal oxidation test; (c) the surface after thermal shock test; and (d) the cross-section after thermal shock test.
Fig. 7. Isothermal oxidation curve and thermal shock curve of the coated samples: (a) isothermal oxidation test and (b) thermal shock test.
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stage. It is implied that the oxidation mechanism of the coated
sample is varied at different times. In the initial oxidation stage
the as-obtained SiC–MoSi2 multi-phase coating react with
oxygen and hence generating silica glass resulting in the
weight gain. Owing to the low oxygen permeation rate and
well viscosity of SiO2 at high temperature, the coating could
protect the C/C composites from oxidation with a minor
weight loss in the intermediate oxidation stage. In the last
oxidation stage oxygen passing through the penetrable cracks
and inherent defects in the as-prepared coating would react
with C/C composites, which led to a considerable weight loss.
Fig. 7b indicates the thermal shock resistance of the coated
samples between 1500 1C and room temperature. The weight loss
of SiC–MoSi2 coated samples increased linearly with the thermalcycling times increment, and reached up to 4.5% after 30 thermal
cycles. After 10 thermal cycles, it has been reaching nearly the
value of the weight loss after oxidation for 90 h. According to
above results of the XRD spectra in Fig. 5b and illustrations of the
surface and cross-section in Fig. 6c and d, the as-formed silica
glass was too little to seal the microcracks and holes on the coating
surface and the through-coating cracks in the coating. As a result of
the quick diffusion of oxygen into the SiC–MoSi2 multi-phase
coating, and therefore a rapid weight loss of the coated sample
took place.
4. Conclusions
A SiC–MoSi2 multi-phase coating composed with a disperse
MoSi2 phase and a continuous CVD–SiC phase was obtained
Z. He et al. / Progress in Natural Science: Materials International 24 (2014) 247–252252by LPCVD technology. The as-received layer can protect SiC
coated C/C composites from oxidation for 90 h at 1500 1C
with a weight loss of 1.51%, and suffer from thermal shock
damage for 30 cycles with a weight loss of 4.79%. The weight
decreasing of the coated samples was ascribed to the genera-
tion of big holes during the synthetic process and the formation
of through-coating cracks during oxidation test. It is necessary
to paid more attention to the distribution of pores with an
average size in the next research.
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